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Abstract 

The Fire Prevention, Detection, and Suppression (FPDS) project is a technology development effort 
within the Exploration Technology Development Program of the Exploration System Missions 
Directorate (ESMD) that addresses all aspects of fire safety aboard manned exploration systems. The 
overarching goal for work in the FPDS area is to develop technologies that will ensure crew health and 
safety on exploration missions by reducing the likelihood of a fire, or, if one does occur, minimizing the 
risk to the crew, mission, or system. This is accomplished by addressing the areas of (1) fire prevention 
and material flammability, (2) fire signatures and detection, and (3) fire suppression and response. This 
report describes the outcomes of this project from the formation of the Exploration Technology 
Development Program (ETDP) in October 2005 to September 31, 2010 when the Exploration Technology 
Development Program was replaced by the Enabling Technology Development and Demonstration 
Program. NASA’s fire safety work will continue under this new program and will build upon the 
accomplishments described herein. 


1.0 Project Overview 

1.1 Introduction 

The Vision for Space Exploration (VSE) announced by President George W. Bush on January 14, 
2004 directed NASA to achieve the long-term goal of sending humans back to the Moon and then on to 
Mars. The amount of knowledge that must be gained and the number of technologies that must be 
developed before such missions can occur are certainly formidable. The performance standards required 
for these technologies are, in many cases, well beyond those used on the International Space Station and 
the Space Shuttle and will stretch our current knowledge of living and working in space. A large number 
of the challenges are related to ensuring the health and safety of the crew during the exploration mission. 

The Exploration Technology Development Program (ETDP) was initiated in 2005 to address the 
technologies required for the successful completion of the planned exploration missions. This program, 
led by the Exploration Technology Development Program Office (ETDPO) at NASA Langley Research 
Center, consisted of 22 projects (at its conclusion) each addressing a required technology development 
area required by the Constellation Program (CxP). The ETDPO organization chart in Figure 1 shows the 
projects, lead center, and project manager for each project. Direct oversight, both project management and 
technical implementation of the Fire Prevention, Detection, and Suppression project was conducted at the 
NASA Glenn Research Center. This project addressed all aspects of fire safety aboard manned 
exploration systems. 

The overarching goal for work in the FPDS project is to develop technologies that will ensure crew 
health and safety on exploration missions by reducing the likelihood of a fire, or, if one does occur, 
minimizing the risk to the crew, mission, or system. This is accomplished by addressing the areas of 
(1) fire prevention and material flammability, (2) fire signatures and detection, and (3) fire suppression 
and response. Deliverables from the tasks conducted within the FPDS project could be hardware, design 
requirements, data for trade studies, test procedures, data libraries, or recommendations for fire response 
procedures, depending on the area. To realize these deliverables, the project drew on expertise in the 
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disciplines of combustion science, fire safety engineering, risk assessment, failure analysis and systems 
engineering. The tasks to be conducted take place in normal-gravity test facilities and ground-based 
microgravity facilities. The successful implementation of this project also depended on results obtained 
from several experiments to be conducted on the ISS, specifically, the Smoke Aerosol Measurement 
Experiment (SAME) and the Flame Extinguishment Experiment (FLEX). These projects are being 
conducted under the ISS Research Project but, while conducted through a different ETDP project, FPDS 
personnel were responsible for the interpretation and infusion of the data from these experiments into 
their appropriate technological area in spacecraft fire safety. 

1.2 Objectives 

The objective of the Fire Prevention, Detection, and Suppression (FPDS) technology development 
area is to develop hardware, design rules and requirements, and procedures in the three distinct topical 
areas within FPDS. These include the general areas of (1) Fire Prevention and Material Flammability, 

(2) Fire Signatures and Detection, and (3) Fire Suppression and Response. Each of these areas has 
products that will be delivered to exploration systems to ensure crew health and safety. The specific 
objectives of the tasks in each of these areas are described in the following sections. 
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Figure 1. — Projects, Project Managers, and Organization of the Exploration Technology Development Program (ETDP). 

























1.2.1 Fire Prevention and Material Flammability — Low-g Oxygen Thresholds 

The screening of materials to be used on spacecraft to determine their flammability is an integral part 
of NASA’s fire protection strategy. With CxP, NASA took a new approach for the selection of materials 
in that they are determining the oxygen threshold for a set of important spacecraft materials, identified by 
NASA Materials and Processes (M&P) personnel, based on standard 1-g flammability tests. However, the 
oxygen threshold has been shown to be lower in reduced-gravity and is a function of the local convective 
velocity. Therefore, the objective of this task was to determine the oxygen flammability threshold in 
reduced-gravity for materials identified by NASA Materials and Processes personnel and quantify the 
difference from thresholds determined in normal gravity. 

1.2.2 Fire Signatures and Detection 

Constellation vehicles and habitats will require assured fire detection throughout their operational 
lifetimes. Developments in sensor technology have increased the reliability of fire detection not only by 
increasing sensor lifetime but decreasing the mass, volume, and power and the rate of nuisance alarms. 
However, advanced sensors require knowledge of the fire signatures, i.e., the gaseous species and 
particulate properties produced by a fire that provide the quickest and most reliable detection. Assured 
fire detection also depends on knowledge of where a fire detector should located and the associated time 
to detection. (In spacecraft, unlike in terrestrial applications, fire detection is not achieved simply placing 
a detector on the ceiling and letting the smoke rise!) The objective of this task was to conduct normal- 
gravity testing to identify suitable fire signatures, test prototype fire detectors in this normal gravity 
facility, and model smoke and gaseous contaminant transport in a low-g forced convective environment. 

1.2.3 Fire Detector Development and Testing 

Accompanying the task to determine relevant signatures from spacecraft materials and the modeling 
of smoke transport is the task to develop sensors for fire detection and conduct relevant tests to 
characterize and verify the performance of the advanced fire detection system. This data is required to 
conduct trade studies for every CxP vehicle and habitat that will be developed. These trade studies are 
needed to select a fire detection strategy and appropriate technology that is compatible with the other 
requirements of the environmental control and life support system. Within the FPDS project, the objective 
of this task is to develop and perform tests of candidate particulate and gaseous sensors, improving their 
performance with each design and test interation. When appropriate, we will also incorporate them into 
fire detector suite and conduct tests at GRC, JSC, or WSTF to evaluate the fire detection and post-fire 
monitoring characteristics. A correlated objective of this portion of the FPDS project is to collect and 
evaluate data from any candidate fire detection or post- fire monitoring system so that a reliable 
comparison of their performance is available to perform these trades. 

1.2.4 Fire Suppression 

As work on the Constellation Program progressed and the designs for the Orion and Altair vehicles 
matured, contractor and NASA project teams completed independent trade studies of candidate fire 
suppression systems. Similar to the trade study completed by FPDS personnel in October 2007, they 
concluded that there was insufficient information to conduct a quantitative trade study of existing fire 
suppression systems for spacecraft. FPDS personnel developed a plan to obtain this data. Since then fine 
water mist has become a prime candidate for the portable fire extinguisher on Orion and Altair even 
though the technology is still being developed. The objective of this task is to continue to implement the 
fire suppression test plan to provide data on candidate fire suppression techniques, focusing on water 
mist fire suppression. 
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1.2.5 Post-Fire Monitoring and Response 

Fire suppression is intimately linked to post-fire response because not only must the crew clean-up 
the cabin atmosphere from any smoke or gaseous combustion products, they must also clean-up any fire 
suppression agent that was discharged. They must do so while probably wearing breathing apparatus or 
filtering respirators which must be sized to provide protection for the duration of the clean-up process. 

The connectivity between these procedures and systems requires an integrated approach that includes 
crew response to the fire alarm, fire suppression, clean-up, and monitoring of the event. The FPDS project 
has been involved with researchers and engineers from NASA JSC and WSTF to develop a test for the 
rational evaluation of post- fire monitoring and clean-up equipment and instrumentation. The objective of 
this task is to support the development of the post-fire test and of suitable clean-up procedures and 
monitoring instruments. FPDS technologists will also continue to support the testing and evaluation of 
instruments for post-fire monitoring that were previously developed from FPDS technologies and are 
candidates for post-fire monitoring on CxP vehicles 


2.0 Summary of the Technical Accomplishments 

During the implementation of the FPDS project, the primary mechanism to document technical 
results was through the publication of technical papers in conference proceedings and archival journals. 
Many of these documents are listed in the bibliography. Flowever, the project also documented 
programmatic plans and overviewed the technical results through numerous presentations to ETDPO as 
well as to GRC management and other organizations. In July 2010, a presentation was made to 
representatives of the ETDPO and personnel from the program that was replacing it, the Enabling 
Technology Development and Demonstration (ETDD) Program. The purpose of these “transition face-to- 
face” presentations was to summarize the accomplishments of each project in ETDP, status each 
technology being developed in terms of Technology Readiness Level (TRL), review outstanding technical 
risks, and document lessons learned during the implementation of the project. The presentation delivered 
by the FPDS Project Manager is shown in this section. 

2.1 FPDS Transition Face-to-Face Presentation 

This slides shown in this section was delivered at NASA John H. Glenn Research Center on 
July 21, 2010 to representatives of the ETDP and ETDD program offices. 
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White Sands Test Facility WSTF, JSC JSC 
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consumables in different mission phases 


Customer Needs - FY08 TPP 
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CxP-wide material flammability issues were not ranked 



Key Performance Parameters (FY08) 
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Flammability and Fire Detection Key 
Performance Parameters (FY10) 
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Fire Suppression Key Performance 
Parameters (FY10) 
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FPDS Risks 
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FPDS Risks 
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FPDS Risks 
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FPDS Major Accomplishments 
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Development ot a standard challenge 
Suite of instrumentation (from SBIRs) 


Low-g Oxygen Flammability Threshold Tests 
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Tests conducted in Zero Gravity Facility at NASA-GRC for 
Ultem 1000, Nomex, and Mylar 
- 5.2-sec limits samples to thin materials 


Lunar-g Maximum Oxygen Concentration 
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Control hardware 
and electronics 



Zero-g and Lunar-g MOC Results 


0 



O l_ 
Li_ - 4 -’ O 


CO 


TO 

■o 

0 


O) 

i 

i_ 

05 

e 


O 

u (Z 

O O 


o 

0 

1 

0 
-t— I 

CO 

0 


T3 

E 

CO 

3 

i 

03 

E 

o 

e 


o 

O 

^ E 

0 £ 

£ D 

.E T 3 

0 m 
0 ™ 
03 

-E ^ 

o •> 

X~ 

p 0 

* I 

=3 O 
o' Z 


03 TO 
-O TS 

0 S 

E 03 
13 CJ 

-Q o 


03 

i 

L_ 

03 

e 


e 

1 — 

0 

e 

o 


0 

I 

o 

c 

0 


O 

O 


Msj 

s 

SJ ° 
U 0 


o o 

o £ 


c: 

o 

o 

o] 

$ 

N 

0 


0 

I = 

0 

e > 

0 0)0 
q. i 4- 

Q. T— e 
03 c O 
>< <5 P 


-Q >- C 
03 0 0 

£ ^ > 

E 2 o 

& O) c 

m O .Q 0 

iL 0 03 ~ 
03 N 0 O 

i is ® it 

_j = O 0 


0 X3 
IP ® 

>> 0-2 

s £ £ 

p T3 T3 

8 g« 

0 P E 

£ 0 .2 

- .P 0 

03 +-> 0 
£1 t 0 

o >, Q. 

O 7t3 §- 
S O 0 

p- 0 T5 

E Q-^ 

P 0 TO 

| Si 

H= 0 O 
P P 0 

0 

CO 0 -O 


o 

o 

0 


E 

0 

0 0 

5 3 

S* 

8 £ 
E 0 
0 JE 

0 0 

HE o 

■o E 

® 05 

T3 
>. E 
-Q 03 


A 


NASA/TM— 2011-217036 


29 


Mylar Ultem N 

How large can a fire get and how long will it take a fire to get that large? 


FPDS Major Accomplishments 
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Suite of instrumentation (from SBIRs) 


Spacecraft Habitable Atmosphere Trades 
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will it take a fire to o io 20 30 40 50 60 70 so 90 100 

get that large? Volume Percent Oxygen 



Opposed Flow Flame Spread Correlation 
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Flame spread data for Kimwipes, fit to an oxygen-pressure correlation [Magee and McAlevy, 
1971] for opposed flow under a variety of atmospheric and gravitational conditions. 


Concurrent Flow Flame Spread Correlation 
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0 2 (mole fraction) * flow (cm/s) * P(atm) 


Predicted vs Measured Trends in Flammability 



Oxygen Mole Percent in the Atmosphere 


Ignition in Spacecraft Atmospheres 
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How large can a fire get and how long will it take a fire to get that large? 


FPDS Major Accomplishments 
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Suite of instrumentation (from SBIRs) 


Smoke Aerosol Measurement Experiment 




SAME Operations 
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Summary of SAME results 



0 


T3 

0 
-t— > 

TO 

O 

O 

CO 

CO 

TO 

0 

CO 

O 


O >■ 

■4— > -t— ' 

c 
CO 
o 


JO 

1 

CO 

if) 

o 

CO 

o 

1— 

0 

(0 

U) 

CO 

> 

P 


if) 

0 


CO 

0 £ 
Ef 

Q. E 

0 § 

it 

w> S 

CO J3 
CO 

o 0 

Q. ^ 

£ £ 

CO 


c 

O) 

CO 

T3 

0 

if) 

CO 

a? 

CJ 

jz 

if) 

Q 

O 

0 


■o 

O 

- i_ 

0 

Q. 

CO 

C 

CO 

CO 

-O 

c 

o 

o 

0 

CO 

o 

CM 

r- 

co 

i_ 

0 

< 

1 


o 

o 

co 

T3 

£Z 

0 

DL 

0 

1 

E 

JO 

<z 

0 


CO 

JD 

O 

■t 

0 

Q. 

i_ 

0 

"co 

E 
co 
-*— ■ 
0 


0 CD 

E .£ 

0 CD 
CO CO 

~0 jz 
a) 

3 5 

T3 £ 
2 .2 
0.3 
CO O 
0 > 
a. 0 

1 « 

co — 
CO <z 


CO 


>. 

"ro 

1_ 

Vi 

d» 

l_ 
1_ 
CD 
-•— * 

u 

<D 

t 

ID 

CO 

JD 

O 

0 

JO 

~ 

o 

t 

CO 

Q. 

E 

o 


"D 

2 

0 


TJ 

0 

t 

0 

CO 

JD 

O 

> 

0 

> 

V 

"co 

Z5 

0 

0 

i_ 

0 


0 
JZ 
-•— * 

CO 

0 

N 

CO 

0 

O 

t 

0 

CL 

1— 

0 

CO 

i_ 

JO 

0 

JZ 

JZ 

- 4— 1 

S 

c 

0 

V 


0 

>« 

-4—* 

c 
0 
o 
^ 0 

C 
O) 

CO 


0 


o 

c 


Q 
£ GO 

0 o 

§ 5 

CO £ 


0 

0 

> 

"co 

c 

E 

o 

cz 

0 


O 

"O 


0 

> 

_£Z 

CD 

13 

o 

L_ s 

CO 

"co 0 

•4— ' 
0 


E 

CO 

>> o 
0 c 

> 0 
■-i=; cz 

o 

0 CD 
0 T_ 
9) 


C.i 

8 0 

C CL 

8 


JO 

o 


0 

_z 

0 

> 

CO 

JZ 

-*—> 

c 

0 


0 

0 

E 

co 

sP 

O 

CM 


CO 

13 

2 

0 

0 

C 

0 

E 

0 


O 


CO <D 
0 £ 


CO 

p 


CO 

c 

CO 

CD 0 




0 ^ 
0 0 


0 

0 


i- -i_> C 

O CO 0 

' ' 0 


0 I I 


Q. 

0 

^ £ 


> 

0 


~o 




c 

0 



E 

1— 

0 



0 

CD 

i_ 

0 


2 

0 

0 



o 

CO 

JZ 

-4-> 


o 

0 

-♦-* 

0 

o 


4— 

JD 


0 

"O 

■O 

c 


0 

i_ 

c 

l_ 


0 

3 


4— 

> 

o 


CO 

■M 

o 

o 


c 

'l_ 

0 

1 

CO 


tJ 

0 

0 


0 




o 

O 

Z5 


(0 

i— 

0 


"0 

O 

£Z 


0 

> 

CD 


■4-’ 

0 

CO 


CL 



0 

a 

2 


T3 

t — 

E 

4— 


0 


0 


C 


_Q 


O 


CO 

CO 


0 

N 

c 

p 

Q. 


'c 

0 

0 




0 

co" 


"0 

V 

-t-» 

Z3 

co 

0 

c 

0 

4-< 

0 

CO 

0 

E 

c 

T3 

0 

l_ 

CD 

0 

LU 

2 

> 

c 

O 

< 

0 

N 

0 

0 

t 

E 

(0 

(/) 

CO 

£ 

0 

0 

0 

0 

> 

JZ 

O 



-»-> 

0 

a 

c 

■t: 

E 

0 

o 

0 

0 



Q_ 


0 

T3 


JD 

CO 

0 

CO 

0 

"co 

£ 

O 

i_ 

CL 

0 

N 

CO 

CO 

1 

<75 

A 



A 


NASA/TM— 2011-217036 


39 


rejection. 

- Classifying the particles or by measuring multiple moments 


Motivation for an Improved Smoke Detector 
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Construction of MPASS Sensor 
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electronics assembly 



MPASS SAME-R Flight Hardware 
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Smoke Transport and Detector Activation in Orion 
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Smoke Transport and Detector Activation in Orion 
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How fasf does a low-g fire grow and how big does it get? 




Multiparameter Fire Detection System 
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Advanced Fire Detection Technologies 
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FPDS Major Accomplishments 
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Fire Extinguisher Development 
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Fine Water Mist Fire Extinguisher 





Steady Flow Water/Gas Supply Cart 
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instead of hand lever to open valve 


Droplet Diameter and Velocity Measurements 
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Droplet Size and Dispersion Pattern 
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X Position (cm) 


Fine Water Mist Fire Extinguisher 
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FPDS Major Accomplishments 
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Sub-capabilities* and Requirements Specified 
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Engineering 
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Within ETDP, we’ve had a chance to develop integrated fire safety 
technology development within NASA 


Spacecraft Fire Prevention, Detection, and 
Suppression Design Processes 




NASA/TM— 2011-217036 


62 


Mass and volume 


Large-Scale Fire Demonstration Experiment 
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Coal dust test explosion 






Relative size of ATV, Progress, and Apollo 
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ATV interior 
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Fire Prevention, Detection, and Suppression 
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Material flammability, fire detection, and fire suppression are possible 



3.0 Closure 


Protecting spacecraft from fire has been of critical importance to NASA since the beginning 
of the human spaceflight program. During the design of new spacecraft, trade studies for fire 
detection, fire suppression, and post- fire cleanup and monitoring systems are conducted using the 
most recent knowledge regarding spacecraft fires. The design and implementation of these 
systems has evolved with succeeding vehicle as new data and hardware technologies have 
become available. Because of the specialized nature of fire protection in spacecraft operating in 
low- or partial-gravity, commercial off-the-shelf terrestrial fire safety technologies are seldom 
relevant. While current terrestrial fire safety technologies have developed over more than a 
century of fighting fires, spacecraft fire safety technology has only been studied for a little over 
30 years with varying emphasis. The Fire Prevention, Detection, and Suppression technology 
development effort was the first concerted effort within NASA to advance spacecraft fire safety 
technologies and incorporate that technology into the design of crewed space vehicles and 
habitats. No matter what destination astronauts from the United States will eventually be directed, 
the implementation of a robust spacecraft fire safety technology development program between 
now and then will provide the best methods for them to respond to a fire, recover the vehicle, and 
continue with their mission. Crew safety has been and will continue to be the primary objective of 
NASA’s spacecraft fire safety technology development effort. 


NASA/TM— 2011-217036 


67 



4.0 Selected Bibliography 

The major publications and presentations prepared by FPDS personnel from 2004 to 2010 are 
listed in this section. They are categorized into the topical areas of material flammability, fire 
detection, and fire suppression as well as several programmatic overview papers. Because 
technology development work in spacecraft fire safety will continue after the ETDP Fire 
Prevention, Detection, and Suppression project transitions to the ETDD program, this list of 
publications represents a “snap-shot” of the publications and will undoubtedly increase. 

Programmatic 

“Recommendations for Exploration Spacecraft Internal Atmospheres: The Final Report of the 
NASA Exploration Atmospheres Working Group,” NASA/TP — 2010-216134, October 2010. 

Ruff, G.A., Brooker, J., and Urban, D.L., “Fire Safety Technology Development for Exploration 
Spacecraft and Habitats,” Paper No. AIAA-20 1 0-6240, 40th International Conference on 
Environmental Systems, Barcelona, Spain, July 1 1-15, 2010. 

Ruff, G.A., “GRC’s Fire Prevention, Detection, and Suppression Project,” presented to the 
Director’s Leadership Forum, NASA John H. Glenn Research Center, June 3, 2008. 

Ruff, G.A., “GRC’s Contributions to Fire Safety on Exploration Vehicles,” presented to the 
Director’s Leadership Forum, NASA John H. Glenn Research Center, December 1, 2006. 

Material Flammability 

Cavanaugh, J.M., Torvi, D.A., Gabriel, K.S., and Ruff, G.A., “Test Method for Evaluating Fabric 
Flammability and Predicted Skin Bum Injury in Microgravity,” Microgravity Sci. Tech, 

Vol. XVIII-2, pp. 14-26, 2006. 

Ferkul, P.V. and Olson, S.L., “Zero-Gravity Centrifuge Used for the Evaluation of Material 
Flammability in Lunar-Gravity,” Paper No. AIAA-20 1 0-6260, 40 th International Conference on 
Environmental Systems, Barcelona, Spain, July 1 1-15, 2010. 

Fereres, S., Lautenberger, C., Fernandez-Pello, C., Ruff, G.A., and Urban, D.L. “The Effect of 
Environmental Pressure on the Mechanisms Controlling the Piloted Ignition of Combustible 
Materials,” Paper No. AIAA-20 1 0-626 1 , 40 th International Conference on Environmental 
Systems, Barcelona, Spain, July 11-15, 2010. 

Hsu, S.-Y. and T’ien, J.S., “Flame spread over solids in buoyant and forced concurrent flows: 
model computation and comparison with experiments,” Proceedings of the Combustion Institute, 
Vol. 33, in press. 

Hsu, S.-Y. and T’ien, J.S., “Effect of Chemical Kinetics on Concurrent- flow Flame Spread over 
Solids: A Comparison Between Buoyant Flow and Forced Flow Cases,” Combustion Science and 
Technology*, 2010, accepted. 


Hsu, S.-Y., Tseng, Y.-T., and T’ien, J.S., “Modeling Flame Spread and Extinction of Solids in 
Space Exploration Atmospheres,” SAE Paper No. 2009-01-2492, 39 th International Conference 
on Environmental Systems, Savannah, GA, July 12-16, 2009. 


NASA/TM— 2011-217036 


68 



Hsu, S.-Y. and T’ien, J. S., “Pressure Extinction Limits of Non-premixed Flames,” Combustion 
Theory and Modeling, Vol. 13, No. 5, pp. 885-900, 2009. 

Hsu, S.-Y., Flame Spread and Extinction Over Solids in Buoyant and Forced Concurrent Flows: 
Model Computations and Comparison With Experiments, Ph.D. Dissertation, Case Western 
Reserve University, Department of Mechanical and Aerospace Engineering, May 2009. 

Kleinhenz, J.E., Flammability and Flame Spread ofNomex and Cellulose in Space Habitat 
Environments, Ph.D. Dissertation, Case Western Reserve University, May 2006. 

Kleinhenz, J.E., Feier, I.I., Hsu, S.-Y., T’ien, J.S., Ferkul, P.V., Sacksteder, K.R., “Pressure 
Modeling of Upward Flame Spread and Burning Rates Over Solids in partial Gravity,” 
Combustion and Flame, Vol. 154, pp. 637-643, 2008. 

Villa-Gonzalez, M., Marchese, A., Easton, J.W., and Miller, F.J., “Experimental Measurements 
of Two-Dimensional Planar Propagating Edge Flames,” 31 st International Symposium on 
Combustion, The Combustion Institute, Heidelberg, Germany 2006. 

McAllister, S., Femandez-Pello, C., Urban, D.L., and Ruff, G.A., “The Combined Effect of 
Pressure and Oxygen Concentration on Piloted Ignition of a Solid Combustible,” Combustion and 
Flame, Vol. 157, pp. No. 9, Sept. 2010, pp. 1753-1759. 

McAllister, S., Femandez-Pello, C., Ruff, G.A., and Urban, D.L., “Ignition Delay of Combustible 
Materials in Space Exploration Atmospheres,” SAE Paper No. 2008-01-2088, 38 th International 
Conference on Environmental Systems, San Francisco, CA, June 29-July 2, 2008. 

McAllister, S., Femandez-Pello, C., Ruff, G.A., and Urban, D.L., “Ignition Delay of Combustible 
Materials in Normoxic Equivalent Atmospheres,” SAE Paper No. 2009-01-2491, 39 th 
International Conference on Environmental Systems, Savannah, GA, July 12-16, 2009. 

Miller, F.J., Olson, S.L., Gokoglu, S.A., and Ferkul, P.V., “Material Flammability Test Methods 
for Achieving Simulated Low-Gravity Conditions,” Proceedings of the 5 th U.S. Combustion 
Meeting, San Diego, CA, March 25-28, 2007. 

Olson, S.L., Ruff, G.A., and Miller, F.J., “Microgravity Flame Spread in Exploration 
Atmospheres: Pressure, Oxygen, and Velocity Effects on Opposed and Concurrent Flame 
Spread,” SAE Paper No. 2008-01-2055, 38 th International Conference on Environmental Systems, 
San Francisco, CA, June 29-July 2, 2008 (also NASA/TM — 2008-215260, August 2008). 

Olson, S.L., Griffin, D.W., Urban, D.L., Ruff, G.A., Smith, E.A., “Flammability of Human Hair 
in Exploration Atmospheres,” SAE Paper No. 2009-01-2512, 39 th International Conference on 
Environmental Systems, Savannah, GA, July 12-16, 2009. 

Olson, S.L. and Ruff, G.A. “Microgravity Flame Spread over Non-Charring Materials in 
Exploration Atmospheres: Pressure, Oxygen, and Velocity Effects on Concurrent Flame Spread, 
SAE Paper No. 2009-01-2489, 39 th International Conference on Environmental Systems, 
Savannah, GA, July 12-16, 2009. 


NASA/TM— 2011-217036 


69 



Olson, S.L., Miller, F.J., and Wichman, I.S., “A New Species of Fire Characterizing Fingering 
Flamelets Using Biological Population Measures,” Combustion Theory’ and Modelling, Vol. 10, 
No. 2, pp. 323-347, 2006. 

Putzeys, O., Bar-Ilan, A., Rein, G., Fernandez-Pello, A.C., and Urban, D.L., “The Role of 
Secondary Char Oxidation in the Transition from Smoldering to Flaming,” Proceedings of the 
Combustion Institute, Vol. 31, 2006. 

Rein, G., Lautenberger, C., Fernandez-Pello, A.C., Torero, J.L., Urban, D.L., “Application of 
Genetic Algorithms and Thermogravimetry to Determine the Kinetics of Polyurethane Foam in 
Smoldering Combustion,” Combustion and Flame, Vol. 146, No. 1-2, pp. 95-108, 2006. 

Rein, G., Fernandez-Pello, A.C., and Urban, D.L., “Computational Analysis of Forward and 
Opposed Smoldering Combustion in Microgravity,” Proceedings of the Combustion Institute, 

Vol. 31,2006. 

Sidebotham, G.W. and Olson, S.L., “Microgravity Opposed-Flow Flame Spread in Polyvinyl 
Chloride Tubes,” Combustion and Flame, Vol. 154, pp. 789-801, 2008. 

Tseng, Y.-T. and T’ien, J. S., “Limiting Length, Steady Spread and Non-growing Flames in 
Concurrent Flow over Solids,” Journal of Fleat Transfer, Vol. 132, September 2010. 

Tseng, Y.-T. and T’ien, J. S., “The Effect of Different Pyrolysis Descriptions on Flame Spread 
over Solids in Concurrent Flows,” 6 th US National Combustion Meeting, Ann Arbor, Mich., 

May 17-20, 2009. 

Fire Detection 

Brooker, J.E., Urban, D.L., and Ruff, G.A., “ISS Destiny Laboratory Smoke Detection Model,” 
Paper No. 2007-01-3076, 37 th International Conference on Environmental Systems, Chicago, IL, 
July 2007. 

Greenberg, P.S. and Fischer, D.G., “Advanced Particulate Sensors for Spacecraft Early Warning 
Fire Detection,” Paper No. AIAA-20 10-6243, 40 th International Conference on Environmental 
Systems, Barcelona, Spain, July 11-15, 2010. 

Haas, J., “E-Nose Independent Validation of Performance,” WSTF-TP-1 108-08.A, NASA 
White Sands Test Facility, September 10, 2008. 

Hunter, G.W., Greenberg, P.S., Xu, J.C., Ward, B., Makel, D., Dutta, P., and Liu, C.-C., 
“Miniaturized Sensor Systems for Early Fire Detection in Spacecraft,” SAE Paper No. 2009-01- 
2469, 39 th International Conference on Environmental Systems, Savannah, GA, July 12-16, 2009. 

Hunter, G.W., Xu, J.C., Dungan, L.K., Ward, B.J. Rowe, S., Williams, J., Makel, D.B., Liu, C.C. 
and Chang, C.W., “Smart Sensor Systems for Aerospace Applications: From Sensor 
Development to Application Testing,” ECS Transactions, Vol. 16, No. 1 1, pp. 333-344, 2008. 


NASA/TM— 2011-217036 


70 



Ruff, G.A. and Urban D.L., “E-Nose Independent Validation of Performance Outbrief,” 
Presentation to NASA HQ, September 24, 2008. 

Urban, D.L., Ruff, G.A., Mulholland, G., Cleary, T., Yang, J., and Yuan, Z.-G., “Measurement of 
Smoke Particulate Size under Low-Gravity Conditions,” SAE Paper No. 2008-01-2089, 38 th 
International Conference on Environmental Systems, San Francisco, CA, June 29-July 2, 2008 
(also SAE International Journal of Aerospace, Vol. 1, No. 1, pp. 317-324, April 2009). 

Urban, D.L., Ruff, G.A., Brooker, J.E., Cleary, T., Yang, J., Mulholland, G., and Yuan, Z.-G., 
“Spacecraft Fire Detection: Smoke Properties and Transport in Low-Gravity,” AIAA Paper No. 
2008-806, 46 th AIAA Aerospace Sciences Meeting and Exhibit, Reno, NV, January 7-10, 2008. 

Urban, D.L., Griffin, D., Ruff, G.A., Cleary, T., Yang, J., Mulholland, G., and Yuan, Z.-G., 
“Detection of Smoke from Microgravity Fires,” SAE Paper No. 2005-01-2930, 35 th International 
Conference on Environmental Systems, Rome, Italy, July 2005. 

Ward, B.J., “CEV Combustion Product Monitoring,” Makel Engineering, Inc. Report MEI- 
GMI09-2-FR-1, October 2009. 

Fire Suppression 

Butz, J.R. and Abbud-Madrid, A., “Handheld Fine Water Mist Extinguisher for Spacecraft,” 

SAE Paper No. 2008-01-2040, 38 th International Conference on Environmental Systems, 

San Francisco, CA, June 29-July 2, 2008. 

Dietrich, D.L., Ruff, G.A., and Urban, D.L., “A Fire Suppression Analysis for the Altair Project,” 
SAE Paper No. 2009-01-2511, 39 th International Conference on Environmental Systems, 
Savannah, GA, July 12-16, 2009. 

Dietrich, D.L., Ruff, G.A., and Urban, D.L., “Fundamentals of Fire Suppression in Reduced 
Gravity Environments,” SAE Paper No. 2008-01-2087, 38 th International Conference on 
Environmental Systems, San Francisco, CA, June 29-July 2, 2008. 

Dietrich, D.L., Takahashi, F., and Katta, V.R., “Extinction of Counter-Flow and Stagnation 
Diffusion Flames with Fire-Extinguishing Agents,” AIAA Paper No. 2007-737, 45 th AIAA 
Aerospace Sciences Meeting and Exhibit, Reno, NV, January 8-11, 2007. 

Dietrich, D.L., Ruff, G.A., Urban, D.L., Hicks, M.C., Stocker, D.P, Nayagam, V., Takahashi, F., 
“Fire Suppression Technology in Human-Crewed Spacecraft — A Trade Study,” SAE Paper No. 
2007-01-3256, 37 th International Conference on Environmental Systems, Chicago, IL, July 2007. 

Easton, J.W., Ferkul, P.V., Yuan, Z.-G., Komendat, A.J., Ruff, G.A., and Dietrich, D.L., “Design 
and Analysis of a Handheld Fire Extinguisher for the Crew Exploration Vehicle,” Paper No. 
AIAA-20 1 0-6242, 40 th International Conference on Environmental Systems, Barcelona, Spain, 
July 11-15,2010. 

Lock, A., Briones, A., Aggarwal, S.K., Puri, I.K., and Hegde, U., “Liftoff Characteristics of 
Partially Premixed Flames Under Normal and Microgravity,” Combustion and Flame, Vol. 143, 
No. 3, pp. 159-173, November 2005. 


NASA/TM— 2011-217036 


71 



Takahashi, F. and Katta, V.R., “Stabilization and Suppression of Axisymmetric Diffusion 
Flames,” Paper No. A1AA-2007-738, 45 th AIAA Aerospace Sciences Meeting and Exhibit, 

Reno, NV, January 8-11, 2007. 

Takahashi, F., Linteris, G.T., and Katta, V.R., “Extinguishment of Methane Diffusion Flames by 
Carbon Dioxide in Coflow Air and Oxygen-Enriched Microgravity Environments,” Combustion 
and Flame, Vol. 155, No. 1-2, pp. 37-53, 2008. 

Katta, V.R., Takahashi, F., and Linteris, G., “Fire-Suppression Characteristics of CF 3 H in a Cup 
Burner,” Combustion and Flame, Vol. 144, pp. 645-661, 2006. 

Takahashi, F., Linteris, G.T., and Katta, V.R., “Combustion and Extinguishment Characteristics 
of Cup-burner Flames,” Proceedings of the 2006 Technical Meeting of the Central States Section 
of The Combustion Institute, Cleveland, OH, May 21-23, 2006. 

Takahashi, F., Linteris, G., and Katta, V.R., “Extinguishment Mechanisms of Coflow Diffusion 
Flames in a Cup-Burner Apparatus,” Proceedings of The Combustion Institute, Vol. 31, 2006. 

Son, Y., Zeuein, G., Gokoglu, S.A., and Ronney, P.D., “Comparison of Carbon Dioxide and 
Helium as Fire Extinguishing Agents for Spacecraft,” Journal of ASTM International (JAI), 

Vol. 3, Issue 3 (March 2006), Online ISSN: 1546-962X, Published Online: 22 Feb. 2006. 


NASA/TM— 2011-217036 


72 



REPORT DOCUMENTATION PAGE 


Form Approved 
OMB No. 0704-0188 


The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the 
data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing this 
burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302. 
Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid OMB 
control number. 

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 


1. REPORT DATE (DD-MM-YYYY) 

01-09-2011 


2. REPORT TYPE 

Technical Memorandum 


4. TITLE AND SUBTITLE 

Final Report: Fire Prevention, Detection, and Suppression Project 

Exploration Technology Development Program 


3. DATES COVERED (From - To) 


5a. CONTRACT NUMBER 


5b. GRANT NUMBER 


5c. PROGRAM ELEMENT NUMBER 



7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 

National Aeronautics and Space Administration 
John H. Glenn Research Center at Lewis Field 
Cleveland, Ohio 44135-3191 


5d. PROJECT NUMBER 


5e. TASK NUMBER 


5f. WORK UNIT NUMBER 

WBS 344397.01.03 


8. PERFORMING ORGANIZATION 
REPORT NUMBER 

E- 17742 


9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 

National Aeronautics and Space Administration 
Washington, DC 20546-0001 


12. DISTRIBUTION/AVAILABILITY STATEMENT 

Unclassified-Unlimited 

Subject Categories: 16 and 25 

Available electronically at http://www.sti.nasa.gov 

This publication is available from the NASA Center for AeroSpace Information, 443-757-5802 


10. SPONSORING/MONITOR'S 
ACRONYM(S) 

NASA 


11. SPONSORING/MONITORING 
REPORT NUMBER 

NASA/TM-201 1-217036 



14. ABSTRACT 

The Fire Prevention, Detection, and Suppression (FPDS) project is a technology development effort within the Exploration Technology 
Development Program of the Exploration System Missions Directorate (ESMD) that addresses all aspects of fire safety aboard manned 
exploration systems. The overarching goal for work in the FPDS area is to develop technologies that will ensure crew health and safety on 
exploration missions by reducing the likelihood of a fire, or, if one does occur, minimizing the risk to the crew, mission, or system. This is 
accomplished by addressing the areas of (1) fire prevention and material flammability, (2) fire signatures and detection, and (3) fire 
suppression and response. This report describes the outcomes of this project from the formation of the Exploration Technology 
Development Program (ETDP) in October 2005 to September 31, 2010 when the Exploration Technology Development Program was 
replaced by the Enabling Technology Development and Demonstration Program. NASA’s fire safety work will continue under this new 
program and will build upon the accomplishments described herein. 


15. SUBJECT TERMS 

Fire prevention; Smoke detection; Fire detection; Fire extinguishers; Safety 


16. SECURITY CLASSIFICATION OF: 


a. REPORT 

u 


b. ABSTRACT 

u 


c. THIS 
PAGE 

u 


17. LIMITATION OF 

18. NUMBER 

ABSTRACT 

OF 


PAGES 

uu 

79 


19a. NAME OF RESPONSIBLE PERSON 

STI Help Desk (email:help(5isti.nasa.gov) 


19b. TELEPHONE NUMBER (include area code) 

443-757-5802 


Standard Form 298 (Rev. 8-98) 
Prescribed by ANSI Std. Z39-18 



































